the second round of review.
Plastic degradation by microbial processes
The longevity of plastic is due to its durability, which is one of its celebrated characteristics, but also and physical changes in the surface of the plastic. Oxidation products form on the surface such as 182 carbonyl groups that create a more hydrophilic surface on the plastic and are more easily biodegraded 183 (Hakkarainen et al. 2004) . Plastic develops micro cracks and becomes brittle under extended exposure 184 to UV, which facilitates the physical breakdown of plastic pieces (Andrady 2011) . Low nutrient 185 concentrations and low temperatures limit oil degradation (Atlas et al. 2011) . The impact of these abiotic 186 environmental factors on plastic degradation has not been determined, but Arias-Andres et al. (2018) 187 found a relationship between nutrient concentration and biomass quantity, with biofilm growth being 188 higher on plastics in oligo-mesotrophic and dystrophic lakes than in nutrient-rich lakes. 189 These studies on plastics in freshwater and marine environments give us insight to the different 190 factors that influence microbe-plastic interactions and degradation. Freshwater habitats and coastal areas 191 collect large amounts of nutrients (and contaminants), in comparison with the often nutrient-poor 192 conditions found in the open sea. Plastic residence time in river and streams commonly is shorter 193 (excluding, for example, lakes, where the debris may persist longer and consequently be exposed to UV 194 radiation longer than in marine environments). However, in deep marine waters, the absence of light, 195 high pressure and low temperatures are prone to inflict selective forces on microbe-plastic aggregation 196 that differ from those found in shallow and fresh environments (Courtene-Jones et al. 2017; Wagner and 197 Lambert 2018). Further research in microplastic incorporation into biogeochemical cycles and plastic 198 degradation in either the marine or the freshwater environment will help to connect these two systems.
through the environment and into the food web, where they are released and bioaccumulated into larger 234 organisms (Rios et al. 2007; Andrady 2011; Debroas et al. 2017) .
235
The sediment is where much of the plastic debris accumulates (Woodall et al. 2014; Peng et al. 2018) .
236
Studies of oil degradation in sediments show that lower oxygen concentrations slow the degradation 237 process (Bagby et al. 2016) . As light and oxygen are the keys to the initial abiotic degradation of plastic 238 in which lower molecular weight compounds are produced via depolymerization, low oxygen 239 concentrations in sediment could also limit plastic degradation. The depolymerization of the polymers 240 was the rate limiting step for the degradation of a biodegradable poly(butylene adipate-co-terephthalate)
241
(PBAT) incubated in soil in a recent study. Over the course of a 2-day incubation, Zumstein et al. (2018) 242 found that 1% of PBAT was remineralized to CO2, compared to 30% of the monomers that synthesize 243 PBAT. During plastic degradation, it remains unclear whether preliminary degradation will be followed 244 by a secondary stage, where residues of mono-and oligomers outside the crystal lattice are quickly lost, 245 producing a highly crystalline plastic that is very slow to degrade. However, while oxygen and light 246 dependent pathways drive plastic degradation, plastics buried in marine sediment will be exposed to 247 euxinic conditions (Andrady 2011; Gewert et al. 2015) . The extent of potential abiotic and biotic 248 degradation (i.e., via sulfide, iron, methane metabolism) has just begun to be explored. Tagg et al. (2019) 249 found Desulfobacteraceae (sulfate reducing bacteria) have a high abundance in microplastic-paint 250 associated biofilms. As plastics continue to accumulate, we need to investigate the effects of sedimentary including crystallinity, functional groups on the plastic's surface, hydrophobicity, surface topography, 258 and mass (Supporting information Table S1) (Fotopoulou and Karapanagioti 2015) . Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy identify functional groups in plastic, allowing 260 marine plastic debris to be identified by plastic type (Araujo et al. 2018; Hendrickson et al. 2018 ). These 261 analyses can also determine whether degradation has occurred by measuring changes in the relative 262 absorbance intensities of certain functional groups (Sudhakar et al. 2008) . The functional groups that 263 form on the surface of plastic during abiotic degradation (keto carbonyls, esters, vinyls and double bonds) 264 (Restrepo-Flórez et al. 2014 ) also change the hydrophobicity of the plastic surface (Fotopoulou and 265 Karapanagioti 2015). The balance between the production and microbial consumption of these functional 266 groups also affects the hydrophobicity of the plastic as degradation continues (Dussud et al. 2018a ).
267
Another process that changes the hydrophobicity of plastic is the formation of eco-corona, whereby 268 biomolecules sorb onto the surface of the plastic, with or without the assistance of microorganisms 269 (Nasser and Lynch 2016; Galloway et al. 2017) . When plastics enter the marine environment, the abiotic 270 degradation that occurs primarily via UV and oxygen exposure acts a primer for microbial attack, creating 271 functional groups that are more labile to microbes and changing plastic surface hydrophobicity 272 (Restrepo-Flórez et al. 2014). One of the final degradation products is CO2 as has been detected via 13 C-273 labelled plastic incubations and analysis by 13 CO2 cavity ring-down spectroscopy in soil incubations 274 (Zumstein et al. 2018) . Another method to track plastic degradation is through mass loss (Nauendorf et 275 al. 2016) . As plastic degrades there is also loss of plastic mass, however, this can be difficult to measure 276 in the plastic alone, due to low mass changes. Moreover, in certain plastics with added starches, the mass 277 loss is due to degradation of the starches rather than the polymer (Andrady 2011).
278
Direct assessment using microbial cultivation methods is another approach to study plastic 279 degradation. To date, several bacterial and fungal species have been found to degrade plastics in the 280 marine environment, as well, but no specific enzymatic pathway has been discovered, as has been on 281 land with I. sakaiensis (Table 3) . These microorganisms cover a broad range of characteristics with some 282 being thermophilic, aerobic, and motile, while others are anaerobic and potentially pathogenic. The 283 variety of organisms found growing on marine plastic debris and even to be able to degrade plastic is 284 astounding. It follows that these microorganisms would have different optimal growth conditions, changing based on the biogeochemical setting. Understanding of marine microbe-plastic interactions 286 stems from studies of microbes and plastics in terrestrial environments (Table 3) (Cosgrove et al. 2007; 287 Yoshida and Hiraga 2016; Auta et al. 2017) . Of particular interest is Ideonella sakaiensis, a novel 288 bacterium isolated from a polyethylene terephthalate (PET) bottling plant landfill (Yoshida et al. 2016) . 289 Yoshida and colleagues reported that I. sakaiensis catabolized 75% of the PET film to CO2, and are 290 currently investigating the enzyme pathway this organism employs to utilize the polymer (Han et al. 291 2017; Joo et al. 2018) .
292
To date, most studies on microbial degradation of plastics have used controlled laboratory setting 293 focusing on single strain isolates from terrestrial and marine environments. Many of these organisms pachastrellae, which was found to degrade poly(ε-caprolactone) ( Table 3) . 305 Finally, the use of carbon isotopes as a tracer for the movement of plastic-derived carbon in the microbial 306 ecosystem may be a useful tool to elucidate the pathways of biodegradation and help identify the Pelagic and benthic microbial communities associated with microplastic can affect their ingestion 324 and transfer in the food webs (Fig. 1) , and thus the internal exposure of consumers to these environmental 325 contaminants (Rummel et al. 2017) . In theory, epiplastic biofilms may increase polymer uptake by modifications that increase probability of microplastic uptake via ingestion, adherence to soft tissues of 332 animals or plants (Gutow et al. 2016; Goss et al. 2018 ) that grazers feed upon. All these pathways would 333 result in the increased exposure levels to the polymers and their leachates for biota. However, mechanistic 334 studies on the importance of these processes are very limited. In sediments and suprabenthic layers, 335 ingestion of marine aggregates by suspension-feeders can scavenge and concentrate microplastic (Zhao 336 et al. 2018 ). However, we know very little about the distribution of these aggregates along the water column and, how much of microplastics are in the aggregated vs. free-floating state. The estimates on To date, most experimental studies addressing plastic ingestion by specific consumers or microplastic intake of microplastic and associated biofilms would impact animal nutrition and growth. In line with and ongoing (i.e., Gago et al. 2018) . One of the specific challenges is to resolve and identify microplastics consensus on whether this dye interferes with the identification of the plastic type using FTIR or Raman 442 (Araujo et al 2018) . The treatment of plastics for experiments, including pre-UV degradation and 443 sterilization should be uniform. Along the same lines as the plastic pretreatment, methods for microbe 444 isolation and culture work must homogenized. Standardizing the methods used to make these analyses is 445 an active field of research and will allow for better interpretation of data collected in all fields.
446
A third challenge is to develop our fundamental understanding of microplastic aggregate behavior, 447 as these aggregates are the primary vector for microplastic transport in the water column and food webs 448 (Michels et al. 2018; Zhao et al. 2018) . Once incorporated into aggregates, various microplastic 449 transformations can occur, including an increase in the effective particle size and change in surface in that the microbe seeks a surface and can attach. Alternatively, this selection might be active in that the 464 microbe specifically colonizing plastic surfaces in order to utilize them as a carbon substrate. Evidence 465 suggests plastisphere community composition is distinct from ambient communities and those found on 466 other substrates (wood, glass, metal) (Zettler et al. 2013; Harrison et al. 2014; Amaral-Zettler et al. 2015) .
Next steps must explore how these factors influence microbe-plastic interactions in the water and 468 sediment, to continue assessing community composition of the plastisphere, but also how the key 469 metabolic processes they carry out differ from the ambient communities. Extension of molecular 470 approaches, such as metagenomics, proteomics and metabolomics, may yield new perspectives here.
471
Such research would improve mechanistic understanding of the fate and environmental impacts of 472 plastic litter, while also delivering much needed information to environmental managers on the 473 microplastic exposure routes and levels in the environment. This information is necessary for exposure 474 assessment and risk characterization as well as suggestions of adequate regulatory measures for plastic 475 litter.
Tables: Table 1 . Organisms identified on plastic particles in the marine and freshwater environments Family Genus Environment Plastic Type Bacteria a,k,m,c,n,q North Atlantic a,n , Coastal Australia k , North Pacific Gyre c , Sargasso Sea m , downstream waste water treatment plant-fresh water q Thalassiosira k , Chaetoceros a , Cyclotella m , Navicula a , Oberbeckmann et al. 2016 , c Bravo et al. 2011 , d Pollet et al. 2018 , e Eich et al. 2015 , f Briand et al. 2012 , g Dang et al. 2008 Suzuki et al. 2018 , j Russell et al. 2011 , k Esmaeili et al. 2013 Mohanrasu et al. 2018 , m Singh and Gupta, 2014 , n Nanda and Sahu, 2010 Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2019 doi:10.20944/preprints201910.0125.v1 Fig. 1 : Microplastics potentially interact with microorganisms in the food web, as well as in biogeochemical cycles in marine water and sediment. In the water column, aggregates or flocs are formed, usually being microbe-plastic-mineral composites (A). These aggregates quickly incorporate into biogeochemical cycles in the water column, acting as a surface for element cycling or as a carbon source. The particles and aggregates are suspended, transported and settle in the water column (B), where they interact with marine organisms (2, 3). Settling particles and aggregates undergo abiotic or biotic diagenetic processes at the sediment-water interface or when buried in the sediment (C). Here, physical and chemical degradative processes can occur. Benthic microorganisms may attach to these particles, interacting with the associated biofilm or directly using plastic as a carbon source (1). Plastic may travel in the food web, from microorganisms to apex feeders. Planktonic microorganisms can attach to, form aggregates with, or may actively engulf or degrade plastics (2). Macrofauna comes into contact with microplastics via ingestion (3). Humans may unwillingly ingest microplastics (4). . 2: A) SEM image showing the microbial diversity found on a PE sheet placed in the surface water column of Svanemøllehavnen, Copenhagen, Denmark. The plastic was exposed to the environment for 6 months (January-June 2019). B) Polyvinyl chloride (PVC) floc of 500µm made of 10-20µm particles size in unfiltered seawater as determined by PCam camera-system (courtesy of Thorbjørn Andersen, KU-IGN). C) Differences in plastic particle size defines the interaction with cells and biofilm. 1) macroplastics become colonized by biofilms 2) as plastic particles become smaller, cells or biofilms build on the surface, may embed themselves in the plastic or attach inside cracks, fissures or holes. 3) when particles become as small or smaller than cells, the structure can best be described as an aggregate where cells incorporates plastic into its EPS-rich matrix. This difference in scale is important for the understanding of biogeochemical cycling, transport and fate of the plastic particles in the water and sediment.
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Fig. 3:
Global map of studies exploring the microbial communities associated with plastic. Circles show locations of samples taken from the water or sediment. Pink triangles are the locations of in situ experiments with known plastic placed into water or sediment for colonization. In environmental samples, the green, yellow and light pink circles depict whether plastic was identified with FTIR, Raman, or left unidentified, respectively. Environmental studies: Carpenter, Edward J., Smith, Jr 1972; Goldstein et al. 2014; Majer et al. 2012; Goldstein et al. 2012; Zettler et al. 2013; Carson et al. 2013; Oberbeckmann et al. 2014; Reisser et al. 2014; Amaral-Zettler et al. 2015; De Tender et al. 2015; Bryant et al. 2016; Viršek et al. 2017; Debroas et al. 2017; Jiang et al. 2018; Dussud et al. 2018b; Frère et al. 2018 ; in situ studies: Dang et al. 2008; Webb et al. 2009; Bravo et al. 2011; Briand et al. 2012; Eich et al. 2015; Oberbeckmann et al. 2016; De Tender et al. 2017; Pollet et al. 2018 .
